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Midinfrared, optically pumped, unstable resonator lasers
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The authors describe high-brightness, broad area midinfrared semiconductor lasers. These devices
were fabricated in the authors’ laboratory using a commercial solid-source molecular beam epitaxial
system. The laser structures incorporated 14 type-II quantum wells embedded in thick waveguide/
absorber regions composed of In0.2Ga0.8As0.18Sb0.82. The optically pumped devices achieved higher
brightness operation as unstable resonators. Each unstable resonator was realized by polishing a
diverging cylindrical mirror at one of the facets. For an unstable resonator semiconductor laser
operating at �4.6 �m, near 84 K, and at a peak power of 6.7 W, the device was observed to be
nearly diffraction limited at 25 times threshold. In comparison, a standard Fabry-Pérot laser was
observed to be many times diffraction limited when operated under similar conditions. © 2007
American Institute of Physics. �DOI: 10.1063/1.2737426�

High power optically pumped mid-IR lasers have been
demonstrated with peak powers in the 5–15 W range, cw
powers in excess of 2 W and lasing wavelengths in the
2–10 �m region.1,2 However, these broad area lasers typi-
cally display degraded beam quality as the pump intensity is
increased; they may go from two to three times diffraction-
limited near threshold to 8-15 times diffraction limited at
�30 times threshold. This limits the applicability of the de-
vices since it becomes difficult to couple the radiation into a
small aperture fiber or to focus the radiation in the far field.
There are a large number of applications that would directly
benefit from high power mid-IR output with a nearly diffrac-
tion limited beam. These applications include infrared coun-
termeasures, free-space optical communication, remote sens-
ing, laser marking, and various medical applications.

A number of approaches have been utilized in near-IR
semiconductor diode lasers to achieve high power operation
with diffraction limited output. These include tapered
amplifiers,3 angled injection into traveling wave or reflective
wave amplifiers,4 coupled narrow stripe lasers, and various
unstable resonator �UR� geometries.5,6 The UR laser concept
is best understood by comparing it to the conventional
Fabry-Pérot �FP� laser. The conventional semiconductor la-
ser uses a FP cavity defined by two parallel facets. The lasing
mode undergoes multiple reflections at the cavity mirrors and
the mode is directly counterpropagated. In contrast, the UR
laser is characterized by counterpropagating diverging cylin-
drical waves diverging from fixed virtual source points. By
avoiding direct counterpropagation, UR’s suppress filamen-
tation and maintain excellent beam quality with all the radia-
tion diverging from fixed high brightness virtual source
points. Consequently, the UR laser is a true high brightness
source since near diffraction limited beam quality can be
preserved even with broad laser cavities and under condi-
tions of high current injection or optical pumping.

Lasers were epitaxially grown in our laboratory using a
commercial solid-source molecular beam epitaxy system,

configured specifically for antimonide alloy deposition. Het-
erostructures were deposited on 2 in. diameter �001� oriented
GaSb:Te substrates. The laser design incorporates 14 type-II
quantum wells that are placed 1000 Å apart in a 1.5 �m
thick InGaAsSb waveguide. Two factors serve to reduce fila-
ment formation or antiguiding in these antimonide based
“W” lasers. First, the lattice-matched GaSb clad layers pro-
vide only a small difference in the index of refraction relative
to the waveguide ��n�0.03� such that the optical mode has
very weak transverse confinement. These low confinement
factor or “dilute” waveguides tend to suppress filament for-
mation and allow for high brightness operation. Specifically,
as the confinement factor � is lowered the filament gain de-
creases far more rapidly ���2� than does the modal gain
which decreases in a linear manner.7 A typical confinement
factor for a telecommunications based GaAs laser would be
��0.020, whereas we employ significantly smaller gammas,
��0.003–0.004. The second feature leading to a reduced
tendency to form optical filaments are the intrinsically low
antiguiding factors found in the optically pumped semicon-
ductor laser �OPSL� heteroepitaxy. Indeed, Hakki-Paoli mea-
surements of the antiguiding factor � for these quantum well
lasers have yielded consistently low alpha values with �
�1.8

Consequently, the implementation of a dilute waveguide
structure, coupled with a low antiguiding factor epitaxy sug-
gests that the application of a lateral mode control element,
such as that embodied by an unstable resonator, may be
highly effective for this class of W laser. Moreover, such a
design may yield broad area mid-IR semiconductor lasers
capable of both high power output and excellent lateral beam
quality with operation near the diffraction limit.

The optically pumped UR’s are realized by mechanically
polishing a diverging cylindrical mirror on one facet of a
Fabry-Pérot laser cavity. The chip is affixed onto a platform
where it is mechanically polished using a rotating circular
pad. This results in a high quality cylinder with the desired
radius of curvature and minimal facet damage. To assess mir-
ror quality, a Zygo Newview 6000 optical profilometer wasa�Electronic mail: andrew.ongstad@kirtland.af.mil
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employed. Detailed scans of the polished mirrors show that
high quality cylindrical figures are formed with a radius of
curvature near 10.0 mm. Further, the scans reveal relatively
minor surface abrasion; the scratches and digs are on the
order of 38 nm or �1/30 wave. The relatively high quality
of the curved facet reduces scattering and helps preserve the
output power characteristics of the device. The output power
for an OPSL UR emitting near 4.6 �m and operating near
84 K is shown in Fig. 1; the maximum output power for the
UR is 6.63 W slightly less than a comparable Fabry-Pérot
laser which delivered 7.62 W of peak power for a 32 �s
pulse �1% duty cycle� This modest 14% drop in power is
largely attributable to the extra loss of the cavity due to geo-
metric magnification of the radiation. This resonator magni-
fication M is conveniently quantified as

M =
V + L

V − L
=

�L2 + RL + L
�L2 + RL − L

,

where L is the cavity length and R is the cylindrical mirror
radius of curvature. For a typical polished device with R

=10 mm and L=3.5 mm, the magnification factor is 3.1; for
reference the FP cavity has an M =1.

The regenerative reimaging of the circulating radiation is
the critical mechanism leading to high brightness from the
virtual source point. These virtual source points, shown as V+
and V− in Fig. 2, are located at a distance V= ± ��L2+LR�
from the flat facet. The left virtual source V+ is at an object
distance �V+L� from the diverging mirror with focal length
�−R /2�. Upon reflection from the curved facet, the radiation
forms a virtual image V− at a distance �V-L� to the right of
the curved facet.

In actual operation, the radiation is outcoupled from the
flat facet, so that the virtual waist of the lateral mode is
located behind the output facet at a refractively reduced dis-
tance, D=V /n, in which the index of refraction is given by
n=3.82. For a typical device geometry this reduced distance
is inside the device at approximately 1.810 mm from the flat
facet. The size of the diffraction limited waist, or spot diam-
eter, is given by SD=2���F /#, where F /# is the resonator
f number and is simply the ratio of the distance back to the
virtual source, D, to the pump stripe width w, i.e., F /#
=D /w. In addition to the high brightness generated by the
regenerative reimaging of the virtual source points, the natu-
ral divergence of the propagating mode tends to mitigate
self-focusing or filamentation, leading to further brightness
improvements.7

FIG. 1. Peak power-power curves for L=3.5 mm long Fabry-Pérot and un-
stable resonator lasers operating near 4.6 �m and 84 K. To minimize ther-
mal load on the laser the curves were collected under pulsed conditions:
32 �s pulse, 1% duty cycle.

FIG. 2. Schematic of unstable resonator showing virtual source points V+

and V−. L is the resonator length �3.5 mm�, R is the radius of curvature of
the polished cylinder �10 mm, w is the stripe width �full width at half
maximum=250 �m� and D is the refractively reduced distance to the virtual
source, D=1810 �m.

FIG. 3. �a�. Reimage of degraded best focus at 30 times
threshold for the Fabry-Pérot laser. �b� Reimage of vir-
tual source at 25 times threshold for the 4.6 �m UR.
The virtual source size indicates that the lateral mode is
nearly diffraction limited.
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Figure 3 shows a comparison of best-focus points for a
Fabry-Pérot device and for a mid-IR unstable resonator de-
vice, both devices operating near 4.6 �m and pumped at 25
times above threshold. Figure 3�a� shows the best-focus re-
image results for the FP cavity operating at �30 times
threshold; a degraded best focus is evident. In comparison, a
very clean virtual source spot with a full-width diameter of
70 �m is apparent in the UR image of Fig. 3�b�. For the UR
device, the far field is realized by reimaging the virtual
source points located at a distance D from the flat facet. The
measured diameter is close to the calculated diffraction lim-
ited spot diameter of SD=67 um. In addition, the virtual
waist was located at a distance, D=1.835 mm, back from the
flat facet, very close to the value predicted from geometrical
theory, i.e., D=V /n=1.810 mm.

Longer wavelength UR’s have also been fabricated and
characterized. For a 9.13 �m emitting UR, at the maximum
pump power of 43 W, the 3.5 mm long device delivered
nearly 2.5 W of peak power. The virtual source was mea-
sured at 1745 �m back from the flat facet with an approxi-
mate diameter of 120 �m; consequently, the resonator is op-
erating near the diffraction limit at �42 times threshold.

In summary, higher brightness operation is obtained
from antimonide based W lasers by forming an unstable
resonator cavity. The UR is realized by mechanically polish-

ing a cylindrical mirror on one of the facets. Inspection of
the mirrors using a Zygo profilometer reveals the formation
of a high quality cylindrical mirror with a radius of curvature
of �10 mm. The 3.5 mm long UR’s set up a virtual source
point near 1810 �m back from the flat facet, in good agree-
ment with theory. Both 4.6 and 9.13 �m resonators were
demonstrated to operate near the diffraction limit at 25 times
and 42 times threshold, respectively. The small optical con-
finement and small linewidth enhancement factors of these
lasers undoubtedly contribute to the ability of the UR to
maintain the lateral beam quality. However, it is likely that
the UR approach would be suitable for a wider range of
semiconductor lasers including mid-IR, electrically injected
quantum cascade lasers.
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